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In this paper, we propose an innovative method for identifying irrigated areas and quantifying the blue evapotranspiration (ET b ), or irrigation water evapotranspired from the field. The method compares actual ET (ET actual ), or crop water use, values from the Global Land Data Assimilation System (GLDAS) and remote sensing based ET actual estimates obtained from Meteosat Second Generation (MSG) satellites. Since GLDAS simulations do not account for extra water supply due to irrigation, it is expected that they underestimate ET actual during the cropping season in irrigated areas. However, remote sensing techniques based on the energy balance are able to observe the total ET actual . In order to isolate irrigation effects from other fluctuations that may lead to discrepancies between the different ET actual products, the bias between model simulations and remote sensing observations was estimated using reference targets of rainfed (non-irrigated) croplands on a daily basis in different areas across the study region (Europe). Analysis of the yearly values of ET b (irrigated area and volume obtained for croplands in Europe for 2008) showed that the method identified irrigation when yearly values were higher than 50 mm. The accuracy of the method was assessed by analyzing the spatial representativity of the calculated biases and evaluating the daily ET b values obtained. The irrigated areas were compared with the results provided by
and Thenkabail et al.(2009b) , obtaining a spatial match of 47 and 72 percent, respectively, 
with overestimation of irrigated area on a country scale. Additional evaluation with the ET b results of Mekonnen

Introduction
Monitoring and quantification of irrigation practices play an important role in water management activities and global water resources since water is becoming a scarce but essential resource.
In this context, the concept of actual evapotranspiration (ET actual ) has been widely used to assess the usage of water resources and irrigation practices by using ground based and/or remote sensing data (D'Urso et al., 2008; Gowda et al., 2008) . These studies have been focused on predicting the optimal irrigation supply based on the crop water demand. Other works have established the difference between the blue and green components of ET actual , that is the irrigation and precipitation water usage (Mekonnen and Hoekstra, 2010; Siebert and Döll, 2010) .
Irrigation practices influence water availability for evapotranspiration and ET actual at regional scale, which is also reflected in the partitioning of energy between sensible and latent heat flux. As an example, Ozdogan et al. (2010) simulated the effects of including irrigation as an extra water supply in the Noah land surface model (Chen et al., 1996; Koren et al., 1999) and showed that the increment in daily ET actual reached up to 5 mm/day in extreme situations in the United States. Noah is based on the energy and water conservation laws and is forced by precipitation among others. It is a budget based land surface model that does not account for irrigation practices.
In the validation report LSA-SAF (2010b), the Global Land Data Assimilation System (GLDAS) ET actual products generated with Noah, named GLDAS-ET in the following, are compared with the remote sensed ET actual estimates obtained from Meteosat Second Generation (MSG) satellites (GellensMeulenberghs et al., 2007) , named MSG-ET in the following.
The latter model is based on the physical processes that occur and the inputs are taken from remote sensing retrievals. This comparison shows some differences in several areas especially during summer periods. The authors justify these discrepancies by analyzing the differences in the inputs used in the two models, but no reference is made to the fact that the Noah model does not account for irrigation practices which may lead to the ET actual differences that are found along Europe, Africa, and South America. The comparison in the aforementioned work was carried out at continental scale in a statistical manner by using temporal and/or spatial averages which does not allow extracting more detailed information about the seasonality and spatial variation of these differences.
Therefore, the objective of this paper is to compare the ET actual outputs of the two aforementioned models, GLDAS-ET and MSG-ET, at a daily and grid base with continental coverage, by assuming that the discrepancies are partly due to the fact that irrigation (or blue evapotranspiration, ET b ) is only represented in the MSG-ET model. This allows determining irrigated areas and comparing with existing irrigation maps such as the ones obtained by Siebert et al. (2007) and Thenkabail et al. (2009b) . Moreover, volumes of ET b may be contrasted with the blue water footprint calculations by Mekonnen and Hoekstra (2011) .
The next Section of this paper describes the datasets used and the physical background of the two models; then methodology is explained. In order to isolate the irrigation effects from other sources of differences, such as modeling, type of inputs or scale issues, rainfed croplands are used to calculate a spatially-dependent reference bias between the models. Based on the analysis of the inputs of the two models and some previous analysis carried out at LSA-SAF (2010b), the MSG observation geometry and the Normalized Difference Vegetation Index (NDVI) and its seasonality appear to be factors that contribute to explain the discrepancies between the models. Therefore, the bias is defined as a function of the MSG viewing zenith angle, maximum value of the NDVI and the season where NDVI is maximum. In the Results Section a classification map is produced with a total of 12 reference biases in Europe, and ET b is calculated in 2008. The assessment of the accuracy of the method is included in this section. The final Section compares the obtained irrigated areas with the irrigation maps given by Siebert et al. (2007) and Thenkabail et al. (2009b) , at pixel scale and country aggregated. Additionally, volumes of ET b are compared with the results given by Mekonnen and Hoekstra (2011) , and in situ values of irrigation are used to compare with downscaled ET b values at point scale.
Data Sets
The main datasets used in this research are the ET actual obtained from MSG satellites (MSG-ET) and the ET actual data from the GLDAS dataset (GLDAS-ET). Other inputs are the GlobCover land-cover classification (UCLouvain and ESA, 2011), the NDVI dataset generated by the Deutsches Zentrum für Luft-und Raumfahrt (DLR), and the MSG viewing zenith angle (VZA). In order to evaluate the accuracy of the proposed method, the results are compared with the Global Map of Irrigation Areas (Siebert et al., 2005) , the Global Irrigated Area Map (Thenkabail et al., 2009b) , and the blue Water Footprint results given by Mekonnen and Hoekstra (2011) . Table 1 shows the main specifications of these data.
From a technical point of view, the combination of data with different spatial resolution, extent and projection was tackled by creating a layer stack where the data were resampled and re-projected to a common output projection and pixel size. The classification map was created at a resolution of 1 km. The reference biases were calculated in rainfed pixels using data at 300 m in order to preserve the resolution of the GlobCover map. Finally, the ET b outputs were obtained at 1 km resolution and rescaled to 5 arcminutes in order to compare with the existing maps.
MSG-ET Data
The ET actual products from the MSG satellites are provided by the Land Surface Analysis Satellite Applications Facility (LSA-SAF) at a resolution of 3 km at sub-nadir point which increases with the satellite observation angle, and a temporal frequency of 30 minutes. These data cover the continents of Europe and Africa and partly South-America and are available since January 2007 for Europe and September 2009 for the rest.
The methodology to retrieve ET actual is based on the physical processes and exchange of energy between the ground surface (soil and canopy) and the atmosphere, and uses inputs derived from the MSG satellites. The method is based on forcing a Soil-VegetationAtmosphere-Transfer (SVAT) scheme with relevant data (short and long-wave radiation fluxes ( and ), surface albedo (␣), leaf area index (LAI), fraction of vegetation cover (FVC) and snow cover) derived from Meteosat and auxiliary data (air temperature, specific humidity, wind speed, atmospheric pressure, etc.) from other sources, i.e., mainly from the European Center for Medium-Range Weather Forecast (ECMWF) (Gellens-Meulenberghs et al., 2007) . It is an energy balance model aiming to compute the partition of net radiation (Rn) into sensible heat flux (H), latent heat flux (LE) and heat conduction flux into the ground (G) according to:
The computations are carried out at tile level and an iteration method is needed to solve the involved equations. A gap filling procedure is implemented in pre-processing when is not available and in post-processing when ET actual cannot be calculated because of missing input variables or no convergence of the algorithm (LSA-SAF, 2010a). This process allows generating ET actual products including cloudy pixels.
In Additional data from 2009 were used to test the method with in situ data, for which MSG-ET data were acquired between 10 July and 08 September. Daily ET actual was obtained for the 89 percent of the days in this case.
GLDAS-ET Data
The GLDAS datasets are available from the NASA Goddard Earth Sciences Data and Information Services Center (GES DISC) (http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings). The system ingests satellite and ground-based observational data products and uses land surface modeling and assimilation techniques in order to generate optimal fields of land surface states and fluxes (Rodell et al., 2004) . The GLDAS data used in this paper are generated with the Noah land surface model (Chen et al., 1996; Koren et al., 1999) at a resolution of 0.25°and a temporal frequency of three hours. These data cover the whole globe since February 2000. The model is based on the principles of water and energy conservation laws, in particular, the water budget is formulated by:
where dW/dt is the change in the total water storage within a time period (dt) [mm] , P is the amount of precipitation within a time period [mm] , ET actual is the actual evapotranspiration in a time period [mm] , and Q is the total runoff in a time period [mm] .
In Noah, the calculation of the fluxes LE and H start from potential LE (LEp), based on the soil moisture, atmosphere states, and vegetation characteristics. Constrains to LEp are applied resulting in the actual LE, which is composed out of three components: direct evaporation from soil, transpiration via plant stomata and evaporation of canopy
intercepted water. Input data for these calculations are atmospheric forcings, ␣, LAI, vegetation parameters, skin temperature, land-cover, soil type, elevation, slope, and precipitation.
In the present research daily ET actual values of GLDAS-ET were obtained by temporal averaging of the eight provided ET actual rates per day. No missing data were found in this dataset.
GlobCover Land Cover Map
The Medium Resolution Imaging Spectrometer (MERIS) GlobCover (ver. 2.3) product for the year 2009 (UCLouvain and ESA, 2011) is a land-cover map produced at a 300 m resolution at a global scale. This map is based on classification techniques by using the surface reflectances observed by the MERIS sensor, and distinguishes 22 cover classes defined with the United Nations Land Cover Classification system (LCCC), among them the post-flooding or irrigated croplands and rainfed croplands. The latter was used in this research. Other classes describe different types and combinations cover types, such as shrublands, forests and grasslands. The idea behind the use of the MERIS product was to profit from the high resolution product as well as generating the irrigation areas and the ET b based on an independent dataset. This allowed comparing with the irrigation area provided by existing methodologies such as Siebert et al. (2007) and Thenkabail et al. (2009b) .
Monthly NDVI Products
The monthly NDVI products that are employed in this research were generated from the Advanced Very High Resolution Radiometer (AVHRR) by the Deutsches Zentrum für Luft-und Raumfahrt (DLR). They were obtained during the year 1997, in Europe and at a resolution of 1 km (Mucher et al., 2001) .
MSG Viewing Zenith Angle
The MSG's are geostationary satellites located at 36,000 km altitude above the Earth. In particular, Meteosat-9, whose products are used in this research, is currently centered at 0°longitude over the Equator. The satellite viewing zenith angle ranges from 0°up to 90°in the edge of the field of view. In the region of Europe, this observation angle is higher than 40°. Siebert et al. (2005) provided a Global Map of Areas equipped for Irrigation (GMIA) with a spatial resolution of 5 arc-minutes, around the year 2000. This method combined sub-national statistical data with land cover information, providing results in terms of percentage of surface area equipped for irrigation. Thenkabail et al. (2009b) developed the Global Irrigated Area Map (GIAM) with 28 classes and a spatial resolution of 10 km, around year 1999. The method is based on classification and identification techniques to establish different classes of irrigated areas and to differentiate irrigated areas from non-irrigated areas, as it was also carried out by Thenkabail et al. (2007) . Temporal series of remote sensing data were used in this work, such as reflectance values, brightness, temperatures, and NDVI. Precipitation data, a digital elevation model, and a global tree-cover map were also used as input, as well as ground data and Landsat Enhanced Thematic Mapper Plus (ETMϩ) mosaics. The global map provides classes labeled based on irrigation source (surface water, groundwater, or conjunctive use), intensity (single, double, or continuous crop) and crop dominance. In this paper, an aggregated map with eight
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classes which provide watering method, irrigation type, and intensity was used. Mekonnen and Hoekstra (2011) estimated the global blue and green water footprint (WF), that is, the water consumed for crop production, where blue and green WF stand for irrigation and rain water usage, respectively. In their method, ET actual and irrigation requirements were calculated according to Allen et al. (1998) using crop and stress coefficients. The total WF at each grid cell was estimated to be the weighted average of the WFs in a rainfed and an irrigated scenario. The results were averaged between 1996 to 2005 at a resolution of 5 arc-minutes.
Method Overview
The method to assess irrigation is based on the comparison of the GLDAS-ET and MSG-ET products on a daily base. Differences in ET actual are expected due to differences in forcing inputs, modeling and aggregation of different spatial scales. The idea behind this work is to achieve a major isolation of the modeling part, which as a hypothesis, is related to irrigation influence. Figure 1 shows an example of the comparison carried out during the year 2008 in an irrigated cropland in Spain and in a rainfed cropland area in France, selected using the GlobCover map. Figure 1 shows how the ET actual estimates differ substantially during the cropping period in the irrigated area, especially during spring and summer seasons. This may be partly due to the additional water supply, which is observed by the remote sensing techniques but it is not modeled in the GLDAS-ET. The two curves in the rainfed cropland have a similar pattern but also show a structural bias in summer. These general patterns are found across the croplands in Europe.
In order to remove the effect of different inputs in the bias between the models, we first refer to the work carried out in the Validation Report of the MSG-ET product at LSA-SAF (2010b). In this report MSG-ET estimates are compared with GLDAS-ET that used the Noah model. In a statistical manner, their results show differences that, according to the authors, are associated to the differences in the inputs of , the ratio between LAI and the stomatal resistance (Rs), and land-cover type. However, no mention is given to the possible extra water supply in form of irrigation. In the aforementioned work, appears to be the factor that S T ST influences these differences primarily in Europe, especially during spring and summer, where instantaneous values show differences between 15 to 30 percent. The influence of the ratio LAI/Rs shows a seasonality with local maxima around the months of April and June/July. Finally, they show that land-cover differences are quite spatially limited and play a smaller role. The results of this work are spatial and/or temporal integrated and therefore more detailed information about the differences along the year in a particular area cannot be directly extracted.
Here we propose to calculate for rainfed croplands (nonirrigated) a reference bias evapotranspiration (bias ET ), defined as the difference between MSG-ET and GLDAS-ET on a daily base, that allows removing the effects of the input differences when comparing the ET actual products. Spatial variability needs to be considered when defining the reference bias, since different areas show different curves along the year. As an example, Figure 2 shows the bias in two rainfed pixels located in Spain and the Ukraine, selected using the GlobCover map.
The bias in the region of Spain reaches local maxima around the days 90 and 180, and the maximum amplitude of the bias is around 2 mm/day during summer time. However, the bias in the region of Ukraine reaches local maxima around the days 90 and 215, thus the summer peak is shifted with respect to the area in Spain. Moreover, the amplitude of the bias reaches values up to 4.5 mm/day.
Taking these issues into consideration, together with the fact that the final objective is to generate outputs at a large scale, this work proposes to generate a classification map based on criteria that allow parameterizing the bias obtained in different areas.
Classification Map
The selection of the criteria for the classification was based on the results obtained at the validation report LSA-SAF (2010b) and some additional model input analysis. As previously explained in, differences in and LAI/Rs appear to explain the discrepancies between GLDAS-ET and MSG-ET products according to LSA-SAF (2010b) . In the present work, the criteria selected for the classification were the MSG viewing zenith angle (VZA), the season where NDVI reaches the maximum value (t max ), and the maximum value of NDVI (NDVI max ). These aspects are explained and justified in the following.
An analysis was carried out to identify the differences in the inputs of the two models. In both methods, atmospheric forcing is taken from models such as the ECMWF. Regarding the radiative inputs, and are modeled based on the cloud cover and type. The cloud mask used by the MSG products is based on thresholds applied to the channels of the sensor on board the geostationary MSG (NWC-SAF, 2010). However, the cloud information in the of GLDAS-ET incorporates both geostationary and polar-orbiting observations (Rodell et al., 2004) . This means that there is a difference in the data in terms of geometry of observation. The products obtained from MSG (ET actual , , cloud mask) are more influenced by a VZA, which reaches values up to 90°. The pixel size increases with the observation angle, and the accuracy of the estimates decreases because the atmospheric correction is more critical. This fact is also confirmed by the radial gradients observed in the bias in shown in LSA-SAF (2010b). Therefore, the MSG viewing zenith angle was one of the criteria for the classification.
The methodologies for obtaining the LAI also contain some differences. MSG-ET products obtain the LAI from the ECOCLIMAP database (Masson et al., 2003) . These are obtained by taking in situ maximum and minimum values of LAI and considering AVHRR NDVI series to impose seasonality per class cover. For Europe, monthly NDVI composites during the year 1997 produced by the DLR (Mucher et al., 2001) are considered, and for the rest of the world, the International Geosphere-Biosphere Programme Data (IGBP) 1 km AVHRR NDVI composites from April 1992 until March 1993 (Belward et al., 1999) . However, GLDAS-ET take the LAI products derived at the University of Maryland (Myneni et al., 2002) , which are physically based and use the Moderate Resolution Imaging Spectroradiometer (MODIS) channels and scattering properties for the modeling. Alternatively, literature-based LAI are used in GLDAS-ET.
The NDVI was selected as second criterion for the classification, since it is one of the main inputs for one of the analyzed methodologies and it contributes to the seasonality of the data. Differences in the methods are expected to be higher for increasing NDVI. The position of the NDVI maximum (t_max) allows differentiating areas that have the peak in the bias ET in different seasons, such as the ones shown in Figure 2 . The absolute value of the NDVI maximum (NDVI_max) allows differentiating areas that have different amplitude in the bias ET .
Estimation of ET b
The calculation of the ET b in a daily base is given by:
where ⌬ET is the difference between MSG-ET and GLDAS-ET. The value of bias ET depends on the class assigned to every pixel based on the criteria previously mentioned which are elaborated in next sections.
Results
Classification Map
In order to produce the classification map the following criteria were taken into account. Figure 2 shows maximum bias approximately 2.5 and 5 mm under VZA of 48°and 65°. These data provide an indication of the rate at which the bias increases. Therefore, intervals of 10 in VZA were considered in the present work. Sobrino and Raissouni (2000) proposed NDVI thresholds to distinguish between soil pixels (NDVI Ͻ0.2) and pixels of full vegetation (NDVI Ͼ0.5) obtained from AVHRR. These values were also used with the same purpose with other remote sensed sensors as it is explained in Sobrino et al. (2008b) . In order to include also medium to high vegetated pixels, a reasonable NDVI value of 0.4 is taken in this work to distinguish between high and low vegetated pixels.
Due to differences in latitude, seasonal warmer periods arrive at different times in different areas and therefore the growing season is shifted. In order to take into account this effect and be able to generalize the method at other continents, the position of the NDVI_max was taken as a reference and two options were considered, t_max between April-September or outside that period. In order to be consistent with the ET actual inputs of the proposed model, NDVI data were taken from the same source as the MSG-ET NDVI input. Figures 3 and 4 illustrate the criteria used for the classification, and Plate 1 the resulting classification map, generated at a resolution of approximately 1 km.
Estimation of Reference bias ET
In order to obtain the bias in ET actual for the different classes, four big areas covering the angle ranges of 40°to 50°, 50°to 60°and higher than 60°were selected, namely the Iberian Peninsula (classes LWH, LWL, LSH, and LSL according to Plate 1), Mid-South Germany (classes MWH, MWL, and MSH) plus Turkey (class MSL) and Mid-East Ukraine (classes HWH, HWL, HSH, and HSL), for which the difference between MSG-ET and GLDAS-ET was calculated per pixel and per class only in rainfed areas according to the GlobCover map. These calculations were carried out at the resolution of the GlobCover map (300 m), and in order to ensure homogeneity, Plate 1. Classification map of Europe for obtaining different bias ET and table defining the classes. Viewing zenith angles (VZA ) are labeled as "low" (40°to 50°), "medium" (50°to 60°), and "high" (Ͼ60°). The season when NDVI maximum occurs is labeled as "winter" (October to March period) and "summer" (April to September period). The value of NDVI maximum is labeled as "high" (≥0.4) and "low" (Ͻ0.4). The label of every class corresponds to the combination of the first letter of these three sub-labels.
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pixels were taken into account only when the surrounding pixels were also classified as rainfed in a 3 pixel by 3 pixel window. Figure 5 shows the mean values of the biases for the 12 classes obtained in Europe. These curves were smoothed by using moving averages of Ϯ 2 days. Figure 5 shows increasing amplitude in the bias with higher VZA, and differences in the profiles of the curves. Higher values of the bias are found when the NDVI_max is higher than 0.4, especially in summer periods. Moreover, the position of the peak of the bias is shifted somewhat when comparing classes with different t_max (see for example classes LWH and LSH).
Although some of the bias curves have similar patterns, and some of the classes are less abundant in the continent selected, all 12 biases have been kept in this analysis, in order to provide a general method that can be developed and applied in other regions of the globe, where other differences may arise and distribution of classes may change. geographical and meteorological characteristics which, in the case of Romania, result in extensive irrigation practices (Virsta et al., 2010) .
Calculation of ET
Yearly ET b at continental coverage were calculated by summing up the positive daily ET b values. An additional mask was applied in order to filter the land covers that are out of the scope of this paper, which are forests, grasslands, shrub-lands, and sparse vegetation. The classes irrigated, rainfed, and mosaics of croplands and vegetation were used in this analysis. The GlobCover classification map was used for this purpose. The histogram of frequency of ET b values is shown in Figure 7 , where a relatively high amount of pixels have a value below 50 mm/year. These areas are considered non-irrigated croplands. Therefore, a reasonable value of 50 mm may be taken as the minimum value for which the proposed method is able to detect irrigation. Figure 8 shows the ET b image generated with the proposed method. The pixels labeled by the GlobCover map as irrigated or rainfed croplands, and pixels with mixed classes that include croplands, are plotted in the figure. Forests, grassland, shrublands, and sparse vegetation are masked and considered non-irrigated, as well as ET b values below the defined threshold (50 mm/year). As an example, when ET b country aggregated values are computed in Spain, Italy and Greece, they provide values of 23,000, 5,300, and 10,300 mm 3 /year, which have the same order of magnitude than the ones provided by Mekonnen and Hoekstra (2011) .
Accuracy of the Method
Accuracy assessment of the method was carried out in two ways, by evaluating the representativity of the defined bias and by analyzing the significance of the negative daily ET b values that are obtained in some cases.
In order to evaluate the representativity of the defined biases, a similar analysis was carried out extending the reference areas to all rainfed croplands that belong to the same class in the classification map. The study was carried out at a coarser resolution (1 km), and in order to ensure homogeneity, pixels were taken into account only when the surrounding pixels were also classified as rainfed in a 3 pixel by 3 pixel window. The results (not shown here) provide similar mean bias curves for the classes LWH, LWL, LSH, MWH, MSH, and HWH with differences lower than 0.5 mm/day. Classes LSL and HSH provide lower values of the bias during summer, i.e., up to 1 mm/day. Classes MWL, HWL, and HSL are less abundant and are highly affected by the rescaling process, especially because the number of rainfed pixels is low and they are very scattered. Class MSL presents a different bias pattern when all scattered pixels outside the region of Turkey are included, with lower and negative amplitude in the summer time. The results show that for the most abundant classes, the reference bias may be considered as representative. However, the results also suggest how the bias in some classes may differ depending on the region where it is calculated; this mainly applies to less abundant classes and classes with higher VZA. In the present work, bearing in mind the application of the method, it seems reasonable to assign the bias obtained in the four defined windows to every class since they are obtained in cropland areas.
Moreover, Figure 6a shows that the method provides some negative ET b values. In general, negative ET b values are not physical and may occur due to noise in the inputs, especially at higher latitudes where the evapotranspiration rate is relatively low. Moreover, misclassification of pixels, e.g., forests, or non homogeneous classes may provide unrealistic results in areas for which the method is not appropriate. In order to evaluate the significance of these negative outputs, they were summed up during 2008 and combined with the yearly ET actual calculated by accumulating the daily MSG-ET. Figure 9 shows the ratio between the accumulated negative ET b and the accumulated ET actual . The ratio is lower than 25 percent in most of the study area. However, the significance of this ratio increases in some areas, such as next to mountains such as The Alps, or in higher latitudes in Poland or Denmark. Misclassification of pixels and high latitudes may explain the obtained results. Moreover, some regions in South France, Italy, and Hungary are relatively far from the areas where the reference biases were calculated. In these cases, the representativity of the bias may be lower and the resulting ET b may be affected. Additionally, arid areas in Turkey or Spain with relatively low ET actual rate are also prone to misclassification. Finally, the region of North Ukraine is located in the border of detection of MSG, and therefore the inaccuracies in ET actual estimation may be higher due to the effects of the observation angle.
Test of the Method
The test of the proposed method was carried out using three approaches. The first one compared the irrigated area with the Global Map of Areas equipped for Irrigation (Siebert et al., 2007) and the Global Irrigated Area Map (Thenkabail et al., 2009b) . Irrigated area aggregated to country level was also compared with the results given by Siebert et al. (2007) and Thenkabail et al. (2009b) . Secondly, the ET b volumes were compared with the results of Mekonnen and Hoekstra (2011) . Finally ten-day ET b estimates were compared at a pixel scale with in situ values of irrigation water in an irrigated cropland in Spain.
Irrigated Area Map
In order to compare the results with other products in terms of irrigated area, a binary classification was built for each map based on the following criteria. The label "irrigated" was assigned to the pixels in Figure 8 with ET b higher than 50 mm/year. The rest were labeled as "non-irrigated". In the GMIA map (Siebert et al., 2007) pixels were labeled as "irrigated" when a percentage of area equipped for irrigation was given; the rest were "non irrigated." Additionally, a threshold of 10 percent in the GMIA data was considered for labeling as "irrigated." Classes 1 to 8 in the aggregated GIAM map (Thenkabail et al., 2009b) were labeled as "irrigated" and the rest as "non irrigated." Table 2 shows the results obtained when assessing the accuracy of the generated map with respect to the other products. The overall accuracy is calculated by summing the number of pixels classified correctly and dividing by the total number of pixels. The kappa coefficient (Congalton and Green, 2009 ) is a more robust measure since it takes into account the agreement occurring by chance. Table 2 shows a percentage of overlap of 72 percent when comparing with the map of Thenkabail et al. (2009b) . A more detailed analysis (not shown here) illustrated that the disagreements are mainly due to pixels that the proposed method assigned to "irrigated" and were "non irrigated" in the reference map. This comparison provided a kappa of 0.109, which can be interpreted as a poor or very poor agreement (Monserud and Leemans, 1992) .
The comparison with the map of Siebert et al. (2007) provided a percentage of overlap of 42 percent. The negative kappa means that the two maps agree less than would be expected by chance. The agreement improved when a threshold in the percentage of area equipped for irrigation is applied, which suggested that a less conservative binary classification would result in better agreements.
Irrigated Area per Country
The irrigated area was obtained for 2008 by considering the pixels with ET b higher than 50 mm/year. The map by Ramankutty (2008) was used to weight the pixel size with the fraction of grid cell with crop. The results were aggregated to a country level and compared with the results given by Siebert et al. (2005) and Thenkabail et al. (2009b) . Figure 10 shows the results obtained for 13 countries in Europe, namely France, Spain, Germany, Poland, Italy, Romania, Greece, Bulgaria, Hungary, Portugal, Albania, Moldavia, and The Netherlands. The figure shows the agreement of the comparison in some countries, as it can be observed with values close to the 1:1 line. However, the
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A u g u s t 2 0 1 2 869 irrigated area in general is overestimated in the proposed method with respect to the values in the literature. The countries with higher disagreements are France, Romania, and Spain. Different aspects may influence the differences that arise from the comparison. First, from a methodological point of view, the data provided by Siebert et al. (2005) are area equipped for irrigation obtained from statistical data bases and the data from Thenkabail et al. (2009b) are based on classification techniques, whereas the proposed method estimates the existence of irrigation based on physical processes that occur and using a threshold in the yearly ET b . The year of the data that are used in the methods may also play a role, in this case the years 2000, 1999, and 2008, respectively, since irrigation areas may have changed and the meteorological conditions vary and therefore influence the inputs of the proposed method and also the approach of Thenkabail et al. (2009b) . Moreover, the proposed method may lead to overestimation since it assumes that irrigation is met in the whole crop area within the pixel. Understanding the sub-pixel composition and heterogeneity, and the influence of the spatial resolution in estimating irrigated areas is analyzed in detail in Velpuri et al. (2009) .
Finally, it is worth to mention that the literature shows discrepancies in the comparison of the two aforementioned existing datasets, which is explained in detail in Thenkabail et al. (2009b) .
ET b Map
This section compares the ET b obtained in 2008, denoted by ROM in the following, with the blue water footprint (WF) values given by Mekonnen and Hoekstra (2011) in mm/year, named MH in the following.
Being aware that the two sources of data were obtained for different periods of time, an initial visual comparison was carried out in the region of Europe. In general terms, the position of the peaks in ET b shown in MH were consistent with the ones provided by ROM, which were found in Greece and mid-south of Spain and Portugal, and north-east of Spain. Other relative maxima in MH in lower range of values appeared also in ROM, namely north and east of Italy, south of France, south of Ukraine, North of Africa and Turkey. However, ROM presented high values of ET b in the regions of Romania, Serbia, and Hungary which were not described by MH. These areas are equipped for irrigation according to the Global Map of Irrigated areas from Siebert et al. (2007) . In particular, the southern part of Romania and eastern-most tip of Serbia is called the Romanian Plain, and is known for its intensive irrigation (Virsta et al., 2010) .
From a quantitative point of view, the overlap between the two maps is 75 percent when taking a range of Ϯ 50mm/year.
Comparison of ET b with in situ Data
The area selected for the test is located in Barrax, Spain (39°03'N, 02°06'W), which has been used for agricultural research for many years (Guanter et al., 2007; Sobrino et al., 2008a; Su et al., 2008) . The area is characterized by a flat morphology and large, uniform land use units. Differences in elevation range up to 2 m. The regional water table is about 20 to 30 m below the land surface. The region consists of approximately 65 percent dry land and 35 percent irrigated land with different agricultural fruits. In particular, the in situ data were provided by the local institution Servicio de Asesoramiento de Riegos del Instituto Técnico Agronómico Provincial (ITAP) in Albacete (Spain) (Montoro et al., 2011) , and consisted of volumes of irrigated water supplied to a corn field during the year 2009, corn being one of the dominant crops in the test area.
The comparison of ET b with in situ data was carried out by using an Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) image in order to downscale the data. The ASTER image was acquired on the 18 July 2004 in the framework of the Spectra Barrax Campaign (SPARC). The visible and near infrared channels have a spatial resolution of 15 m, and they were used to compute the NDVI as an indicator of the amount of vegetation cover. Two areas which contained the corn field were selected, with dimensions around 6 km ϫ 6 km and 13 km ϫ 10 km, and a threshold of 0.4 was selected to define highly vegetated covers. Additionally, an NDVI threshold of 0.6 was set in order to analyze the influence in the results. Figure 11 shows the NDVI mask when using these two thresholds, together with the size of the areas of interest and the location of the corn field.
This test assumed that all crops with NDVI higher than the threshold behaved like the corn pivot, for which in situ irrigation data were available. The final result in the areas of interest was obtained multiplying the corn irrigation value by the percentage of fully vegetated cover taken from the NDVI mask.
Additionally ET b was calculated following the proposed method between 10 July and 08 September, period for which MSG-ET products were available in the region. The daily ET b was obtained only for the 89 percent of the days due to lack of data as previously explained. Table 3 shows the comparison of the results by accumulating ET b every ten days in the two areas using the two NDVI thresholds. Negative ET b values obtained in some pixels of Area 2 summed up a total of 1.2 mm for the whole period and were not considered.
When comparing the modeled ET b in Area 1 with in situ values in periods of ten days, the differences were not systematic and had positive and negative values, being higher when the selected NDVI threshold was 0.4. Although individual values may present high percentages of discrepancy, the total value presented differences of 10 and 6 percent when NDVI threshold was 0.4 and 0.6, respectively. A similar pattern was observed in Area 2 with 16 and 20 percent of difference with respect to the in situ values, and noticing that the method slightly overestimated ET b in the ten-day periods when the selected NDVI threshold was 0.6.
In this context, it is important to highlight that the in situ irrigation data were values discrete in time, whereas the model provided continuous ET b daily values. This fact may explain the high discrepancies in some of the periods, since remote sensing observes the delayed effects of irrigation in terms of ET actual , and in situ values are assigned to particular days.
Discussion
This section describes aspects to be taken into account when interpreting the method and the results obtained in this paper.
First, the proposed method is highly influenced by the inaccuracies of the inputs. In particular, the method may lead to errors due to the misclassification of rainfed pixels in the land-cover map input, since it is the base for the calculation of the reference bias of the proposed method. This fact is also affecting the forest, grasslands, shrublands, and sparse vegetation mask applied to generate the ET b image. Other maps that define irrigated and rainfed areas and were developed specifically to describe croplands are the ones given by Thenkabail et al. (2009a and 2009b) , and may be considered as alternative inputs for the proposed method. Moreover, the existence of data gaps in the MSG-ET inputs influences the daily assessments of ET b and therefore the yearly accumulated value. In this work, a linear interpolation was carried out to fill in missing data and daily ET actual values were not considered if the lack of data occurred during periods of one hour or longer, achieving a total of 94 percent of daily ET b if the five month period May to September was considered. In general, a more accurate approach may be considered to incorporate those days in the calculations as well as to evaluate the relevance of not including them. The bias-pattern and the classification constitute one of the main bases of the method. The classes and criteria selected are explained in the text. Nevertheless, other approaches may have been used based for example on climatic classifications or forcing parameters as shown by Roerink et al. (2003) . In general, for the main classes the bias pattern defined was representative for the whole class. However, the bias of minority classes presented more variability, especially when the pixels were scattered.
PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING
The validation of the method presents some difficulties because of the unavailability of MSG-ET remote sensing data during the years analyzed in the existing literature. Moreover, water resources and irrigation are politically critical issues, and generally in situ quality data are difficult to access. In this context, this work shows the strength of a remote sensing-based method that allows locating and quantifying irrigation practices from an independent data set. The potential of using remote sensing techniques in this field was also described by Romaguera et al. (2010) . Despite the lack of time coincident data for validation, this paper shows the comparison of ET b volumes and irrigated area with existing methodologies and the differences and similarities were discussed.
Regarding the in situ test, different issues need to be mentioned. The NDVI image used for the threshold of fully vegetated covers was acquired in 2004 and is assumed to be valid for the year 2009 and static along the period of analysis. Changes in cover type may affect the results. Moreover, different crops may have different water requirements than corn and not all irrigation water supplied will be evapotranspired.
Finally, regarding the generalization of the method, areas where all production is irrigated and precipitation is too small for rainfed production may present difficulties for defining the reference bias due to the lack of rainfed areas. Although differences in the inputs MSG-ET and GLDAS-ET are also expected in this case, further research needs to be carried out to adapt the method and quantify ET b . For these areas, the method described in Romaguera et al. (2010) may be sufficient. Moreover, the availability of MSG-ET input data at the moment of writing this paper, only allows calculating ET b in Europe from January 2007 to date, and in Africa and part of South America from September 2009 to date. However, the main concept of the method proposed can be generalized and applied to other ET actual data with wider spatial and time coverage, by using the recently available official MODIS eight-day, 1 km ET actual products over the years 2000 to 2009. This issue constitutes one of the lines of further research for the authors.
Conclusions
This paper provided an innovative and relatively simple method to identify irrigated areas and blue evapotranspiration (ET b ), or evapotranspiration of irrigation water from the field. It was based on the comparison of the actual evapotranspiration (ET actual ) products from the remotely sensed Meteosat Second Generation (MSG) and model simulations from the Global Land Data Assimilation System (GLDAS), and the production of a spatially dependent bias. The method was able to detect irrigation when yearly values of ET b were higher than 50 mm. Accuracy assessment showed that the method performed satisfactory for the majority of the study area (Europe). ET b was produced in Europe for the year 2008. The comparison with the existing maps of irrigated area from Siebert et al. (2007) and Thenkabail et al. (2009b) provided a spatial match of 47 and 72 percent, respectively, with some overestimations on country aggregates. These differences can be associated to the sub-pixel heterogeneity and the influence of the spatial resolution in the analysis, as well as to methodological issues and data type. The spatial comparison of ET b values with the ones given by Mekonnen and Hoekstra (2011) resulted in a 75 percent of overlap when a range of Ϯ 50 mm was considered. Validation with point based in situ data showed a difference of less than 20 percent between measured and derived values. The proposed method provides an operational framework for quantifying and monitoring of irrigation at large scale and high temporal frequency. The approach can be easily generalized in time and space by defining the proper biases and analyzing the inputs of the models, at the continental scale of MSG data (including Africa), or by using the recently available global ET actual products from the remotely sensed Moderate Resolution Imaging Spectroradiometer (MODIS) sensor.
